24. M. A. Gomez-Ferreria et al., Curr. Biol. 17, 1960-1966 (2007 In animal gonads, PIWI-clade Argonaute proteins repress transposons sequence-specifically via bound Piwi-interacting RNAs (piRNAs). These are processed from single-stranded precursor RNAs by largely unknown mechanisms. Here we show that primary piRNA biogenesis is a 3′-directed and phased process that, in the Drosophila germ line, is initiated by secondary piRNA-guided transcript cleavage. Phasing results from consecutive endonucleolytic cleavages catalyzed by Zucchini, implying coupled formation of 3′ and 5′ ends of flanking piRNAs. Unexpectedly, Zucchini also participates in 3′ end formation of secondary piRNAs. Its function can, however, be bypassed by downstream piRNA-guided precursor cleavages coupled to exonucleolytic trimming. Our data uncover an evolutionarily conserved piRNA biogenesis mechanism in which Zucchini plays a central role in defining piRNA 5′ and 3′ ends.
T he Piwi-interacting RNA (piRNA) pathway silences transposable elements (TEs) during animal gametogenesis. This pathway uses PIWI-clade Argonaute proteins bound to piRNAs that are~23 to 30 nucleotides (nt) long; these piRNAs act as sequence-specific guides to specify targets via base-pair complementarity (1, 2) . piRNAs are processed from singlestranded precursor transcripts via two biogenesis pathways, both of which are initiated by endonucleolytic definition of piRNA 5′ ends: 5′ ends of primary piRNAs (mostly loaded into Drosophila Piwi) are generated by Zucchini (3) (4) (5) (6) (7) (8) . They carry a 5′ uridine (1U) but otherwise appear to be derived randomly from their precursors (9-13). 5′ ends of secondary piRNAs [loaded into Drosophila Aubergine/Argonaute3 (Aub/AGO3)] are specified via piRNA-guided slicing. Here, reciprocal cleavages of complementary transcripts (ping-pong cycle) define piRNA pairs, whose 5′ ends display a 10-nt offset (14, 15) . piRNA 3′ ends lack a nucleotide preference, and the molecular events underlying their formation are elusive. It is thought that after 5′ end definition, longer piRNA intermediates are loaded into PIWI proteins (16) and subsequently trimmed at their 3′ ends to mature piRNAs (17) .
How are transcripts selected as piRNA biogenesis substrates? We noticed ectopic piRNA production from mRNAs in fly ovaries mutant for the Rhino-Deadlock-Cutoff complex (18) (19) (20) . The corresponding piRNA profiles initiate abruptly (e.g., row) (Fig. 1, A and B) , and some of these initiation sites are also apparent in wild-type (WT) ovaries [green fluorescent protein (GFP) control]. Consistent with suggestions that piRNA-guided transcript cleavage initiates 3′-directed piRNA biogenesis (21), we identified a target site in the row transcript with complementarity to a 1360 transposon piRNA (trigger-piRNA) (Fig. 1C) . The 5′ end of this piRNA maps 10 nt away from the 5′ end of the most abundant row piRNA (responderpiRNA). Whereas the 1360 trigger-piRNA occupies Aub and AGO3 equally, the row responder-piRNA resides mostly in Aub (Fig. 1, B and C) (22) . In contrast, row piRNAs originating downstream of the responder-piRNA (trail-piRNAs) occupy Piwi and, only to a small extent, Aub (Fig. 1B) . We identified 570 mRNAs with similar characteristics. On average, responder-piRNAs predominantly populate Aub but are also present in AGO3 and Piwi (Fig. 1D) . Trail-piRNAs instead are funneled into Piwi (~85%) and moderately into Aub (~15%) but not into AGO3. When considering all piRNAs mapping within 200 nt downstream of the trigger site, 70% of Aub/AGO3-bound piRNAs, but only 7% of Piwi-bound piRNAs, correspond to the responder-piRNA (Fig. 1D) .
Only 8% of the 570 triggered transcripts harbor fully complementary target sites for Aub/ AGO3-bound piRNAs at the responder position ( fig. S1A ). However, when allowing up to six mismatches, piRNA 5′ ends exhibit a high likelihood to align precisely 10 nt offset from responderpiRNA 5′ ends (Fig. 1E) . We could identify triggerpiRNAs in~75% of the cases ( fig. S1 , B to G) (22) . Based on this, slicing characteristics of Aub/ AGO3 follow known features of Argonaute proteins (23) (24) (25) . Trigger-piRNAs also conform to rules of heterotypic ping-pong (14, 15) (fig. S1E) .
The 5′ ends of trail-piRNAs are immediately downstream of responder-piRNA 3′ ends (Fig. 1D) , and trail-piRNAs in Piwi and Aub display pronounced phasing (Fig. 1F) . The phase is~27 nt, which is precisely one average piRNA length (23 to 30 nt) (Fig. 1F) . Both phasing accuracy and piRNA levels decrease with increasing distance from the trigger site, which suggests that piRNA biogenesis occurs in a 3′-directed, processive fashion. To investigate whether slicing generally initiates directional and phased piRNA biogenesis, we analyzed TE-mapping piRNAs from WT ovaries. Piwi/Aub/ AGO3-bound piRNAs mapping in the vicinity of abundant ping-pong piRNAs display patterns that are virtually identical to the ones described above (fig. S2, A and B) . Biogenesis of Piwi-bound piRNAs (by definition, primary piRNAs) is therefore largely a consequence of piRNA-guided target cleavage.
To investigate how tight piRNA 3′ end formation is coupled to 5′ end formation of the immediate downstream piRNA, we analyzed piRNA length and 3′ end patterns. On average, piRNAs exhibit a broad length distribution (Fig. 2 , A to C) (14) . We noticed that individual piRNAs sharing the same 5′ end often have distinct length profiles and 3′ ends ( fig. S3A ). We therefore grouped all piRNAs with unambiguous 5′ ends into length cohorts (Fig. 2 , A to C, and fig. S3B ) (22) . Length profiles of AGO3-bound piRNAs are the least defined, whereas those bound to Piwi display the most accurate 3′ ends, irrespective of whether they are processed in the germ line or the soma (fig. S3, C to E). No obvious nucleotide bias within piRNAs correlates with their distinct length groups. However, uridine (U) residues are enriched immediately downstream of dominant piRNA 3′ ends (Fig. 2, D and E, and fig. S3 , F to J). Length cohorts with two dominant species display a downstream U bias for both prominent 3′ ends (e.g., cluster 7 in fig. S3H and cluster 6 in fig. S3J ). The downstream U bias is strongest for Piwibound piRNAs and weakest for AGO3-bound piRNAs, where it is only evident for the most accurately defined length populations ( Fig. 2E  and fig. S3G ). As Piwi/Aub-bound piRNAs display a 1U bias and primary piRNAs exhibit strong phasing, the pronounced downstream U bias implies that piRNA 3′ end formation simultaneously specifies the 5′ end of the downstream piRNA. When Piwi-bound piRNAs are aligned at their dominant 3′ ends, neighboring piRNA 5′ ends are highly enriched at the +1 position, irrespective of the tissue (fig. S4A ).
To further investigate 3′ end formation, we focused on somatic Piwi-bound piRNAs. We selected the 5000 most abundant TE antisense piRNA 5′ ends, sorted them for their abundance, and displayed 5′ and 3′ ends of all piRNAs mapping in their immediate vicinity (Fig. 2F) . The 3′ ends of neighboring piRNAs are enriched precisely 1 nt upstream of selected 5′ ends (position 0, dashed arrow in Fig. 2F ). The 5′ ends of downstream piRNAs instead display a fuzzy enrichment around +27 nt (blue arrow head in Fig. 2F ). However, resorting the heat map according to increasing length of the dominant piRNA species for each 5′ end at position 0 resolves the strong enrichment of 5′ ends precisely 1 nt downstream of the dominant 3′ ends (Fig. 2G and fig. S4B ).
The obtained piRNA length cohorts (23 to 29 nt) ( Fig. 2G and fig. S4B ) display a strong downstream U bias (Fig. 2H) . U residues are depleted upstream of 3′ ends of unusually long piRNA cohorts (27 to 29 nt), and an inverse trend is seen for the 23-nt piRNA cohort. This suggests that 3′ ends of Piwibound piRNAs are defined by an endonuclease that cleaves immediately upstream of a U residue and 23 to 30 nt downstream of the piRNA 5′ end. Asymmetrically distributed U residues within the cleavage window force the generation of atypically long or short piRNAs.
To experimentally test the phased biogenesis of primary piRNAs, we generated transgenic flies expressing a piRNA biogenesis reporter harboring a piRNA target site (Fig. 3A) . Without a target site, no piRNAs are produced (Fig. 3B) . Insertion of a single complementary target site for an Aub/ AGO3 piRNA represses GFP expression ( fig. S5 ), triggers the generation of a ping-pong responderpiRNA, and forces 3′-directed, phased biogenesis of trail-piRNAs (Fig. 3C) . Trail-piRNA levels and phasing accuracy decrease with increasing distance from the trigger site but are detectable for several hundred nucleotides. To probe the effect of U residues on biogenesis patterns, we constructed a sensor with four Us in regular 26-nt intervals downstream of the trigger site. This increases levels and phasing accuracy of reporterderived piRNAs (Fig. 3D) . Spacing of single Us in decreasing intervals of 28 to 23 nt dictates piRNA 5′ ends but also defines piRNA 3′ ends precisely 1 nt upstream (Fig. 3E) . These findings reinforce the notion that 3′ and 5′ ends of adjacent Piwibound piRNAs are formed via a single endonucleolytic cleavage upstream of a U residue.
The endonuclease Zucchini generates primary piRNA 5′ ends (3) (4) (5) (6) (7) (8) and is therefore also the main candidate for their 3′ end formation. A direct test of this is precluded, as primary piRNAs depend on Zucchini. Thus, we asked whether Zucchini is involved in 3′ end formation of secondary piRNAs whose 5′ ends are formed via slicing. Many Aub/ AGO3-bound secondary piRNAs are generated in Zucchini-depleted ovaries (26) , and we used their 5′ ends as anchor points ( fig. S6A ). In WT ovaries, piRNAs mapping to these 5′ ends display the characteristic nucleotide bias at the first position (1U for Aub piRNAs) and the 10th position (10A for AGO3 piRNAs) (Fig. 4A) . They also exhibit a downstream U bias. In Zucchini-depleted ovaries, the lengths of these piRNAs and therefore their 3′ ends are altered and the downstream U bias is lost, implicating Zucchini in 3′ end formation (Fig. 4A and fig. S6 , B and C).
Thus, the downstream U bias is most likely a fingerprint of Zucchini, making it the central nuclease in piRNA biogenesis. The less severe effect on AGO3-bound piRNAs and their weaker downstream U bias suggest that many AGO3-bound piRNAs are Zucchini-independent or are resected at their 3′ ends in WT ovaries.
To experimentally test Zucchini's involvement in 3′ end formation of secondary piRNAs, we constructed a biogenesis reporter with a single target site for a Zucchini-independent piRNA. In WT ovaries, this reporter gives rise to a prominent ping-pong responder and to trail-piRNAs (Fig. 4B) . As expected, loss of Zucchini ablates trail-piRNAs (Fig. 4C and fig. S2C ). But although trigger-piRNA levels and reporter silencing were unaffected, levels of the responder-piRNA also dropped by a factor of >30 (Fig. 4C and fig. S6D ). Zucchini is therefore centrally involved in 3′ end formation of ping-pong piRNAs. The piRNA target site in this reporter is from the F-element, one of the TEs that maintain high levels of secondary piRNAs in Zucchini-deficient ovaries ( fig. S6E) . How, then, are F-element piRNAs generated independently of Zucchini? The central difference between the F-element and the reporter is that the latter contains only a single Aub/AGO3 target site. We added a downstream target site for a second Zucchini-independent piRNA, which would generate a~50-nt-long piRNA intermediate. This leads to recovery of the first but not the second responder-piRNA in Zucchini-depleted ovaries (Fig. 4D and fig. S6F ). Introducing a target site for a third Zucchini-independent piRNA leads to recovery of the first two responder-piRNAs (Fig.  4E and fig. S6G ). A downstream slicer cleavage can therefore bypass Zucchini's role in piRNA 3′ end formation. This must be coupled to exonucleolytic trimming, consistent with the existence of an activity that resects intermediates to mature piRNAs (17) .
To uncover an involvement of mouse Zucchini (MitoPLD) (8, 27) in piRNA 3′ end formation, we searched for a downstream U bias in published piRNA data sets. Although mouse piRNA populations group into well-defined length cohorts, they lack a downstream U bias (Fig. 4, F  and G, and fig. S7A ) (28) . Similarly, piRNA 3′ ends and adjacent 5′ ends display no coupling signature (Fig. 4H) , suggesting fundamental differences in piRNA 3′ end formation between flies and mice. However, Mili-bound primary piRNAs are extensively trimmed at their 3′ ends (28) . Although mature Mili-bound piRNAs are~24-to 28-nt-long, Mili associates with~30-to 40-nt piRNA intermediates harboring mature 5′ ends in Tdrkh/Papi mutants ( fig. S7 , B and C). This suggests that Tdrkh recruits an exonuclease to PIWI proteins to facilitate piRNA precursor trimming (28, 29) . Trimming might therefore occlude the downstream U bias defined by MitoPLD. Indeed, Mili-bound piRNA intermediates from Tdrkh mutants display a strong downstream U bias and exhibit strong coupling of 3′ ends with subsequent 5′ ends (Fig. 4, I to K, and fig. S7D ). Hence, coupled biogenesis of neighboring piRNAs is conserved between Drosophila and mice.
Altogether, a model for piRNA biogenesis can be drawn (fig. S8) . A critical first step is the specification of piRNA precursors, leading to the endonucleolytic definition of a piRNA 5′ end. In the fly germ line, the dominating process is piRNA-guided target slicing, which specifies the 5′ end of a responder-piRNA. 3′ end formation of this piRNA can occur via a second slicer cleavage event, which liberates a piRNA intermediate for exonucleolytic trimming. Alternatively, 3′ end formation is catalyzed by Zucchini, which cleaves the precursor upstream of a U residue. Zucchini-mediated 3′ end formation promotes phased and 3′-directed primary piRNA biogenesis. In flies, Zucchini cleavage products seem directly compatible with Piwi binding. In mice, MitoPLD cleavage products are too long, making 3′ end trimming essential. Notably, how primary piRNA biogenesis initiates in Drosophila ovarian somatic cells or adult mouse testes remains elusive. PIWI-interacting RNAs (piRNAs) protect the animal germ line by silencing transposons. Primary piRNAs, generated from transcripts of genomic transposon "junkyards" (piRNA clusters), are amplified by the "ping-pong" pathway, yielding secondary piRNAs. We report that secondary piRNAs, bound to the PIWI protein Ago3, can initiate primary piRNA production from cleaved transposon RNAs. The first~26 nucleotides (nt) of each cleaved RNA becomes a secondary piRNA, but the subsequent~26 nt become the first in a series of phased primary piRNAs that bind Piwi, allowing piRNAs to spread beyond the site of RNA cleavage. The ping-pong pathway increases only the abundance of piRNAs, whereas production of phased primary piRNAs from cleaved transposon RNAs adds sequence diversity to the piRNA pool, allowing adaptation to changes in transposon sequence.
I
n animals, PIWI proteins guided by singlestranded, 23-to 36-nucleotide (nt) small RNAs, PIWI-interacting RNAs (piRNAs), suppress germline transposon expression. In Drosophila, piRNAs bind the PIWI proteins Piwi, Aubergine (Aub), and Argonaute3 (Ago3) (1) . Fly primary piRNAs derive from long transcripts from piRNA clusters-discrete genomic loci comprising transposon fragments (2) . The endonuclease Zucchini (Zuc) is thought to cut cluster transcripts into fragments whose 5′ ends correspond to the 5′ ends of piRNAs, but whose length exceeds that of piRNAs; these piRNA precursors are loaded into Piwi and Aub and then trimmed from their 3′ ends, yielding mature primary piRNAs (1, (3) (4) (5) . In the fly oocyte, maternally inherited and primary piRNAs made de novo initiate production of secondary piRNAs, which subsequently self-amplify via reciprocal cycles of Aub-and Ago3-catalyzed cleavage of transposon mRNAs and cluster transcripts, a process known as the ping-pong pathway ( fig. S1) (6, 7) . The pingpong pathway increases piRNA abundance, but cannot create novel piRNA sequences. Yet, piRNA populations are highly diverse, with most individual species being of low abundance.
We used genetic mutants to separate primary, maternal, and secondary piRNAs. To assess the mutants' effects on the germ line, we examined piRNAs from the largest piRNA cluster, 42AB (6). aub HN2/QC42
; ago3 t2/t3 double mutants lack the ping-pong pathway, so they contain only maternal and primary piRNAs (for 42AB, Z 10 = 0.6; Z-score ≥ 2.81 corresponds to P ≤ 0.005; Fig. 1A ). In contrast, zuc mutants contain maternal and secondary, but not primary, piRNAs. Loss of Zuc decreased 42AB piRNAs by a factor of 50 ( fig.  S2A ), but the piRNAs remaining showed significant ping-pong amplification (42AB piRNAs, Z 10 = 39; all piRNAs, Z 10 = 42), consistent with a small pool of maternal piRNAs being amplified into secondary piRNAs.
The 5′ ends of piRNAs mapping to the same genomic strand and present in aub HN2/QC42 ; ago3 t2/t3 but not zuc HM27/Df typically lay 25 to 28 nt apart, the same length as piRNAs themselves ( fig. S2B) . Thus, the maternal and primary piRNAs remaining in aub HN2/QC42
; ago3 t2/t3 doublemutant ovaries were phased, suggesting that a nuclease initiates production of piRNAs from one end of a piRNA precursor, moving 5′ to 3′ to clip off successive piRNAs.
The distance from the 3′ end of each piRNA to the 5′ end of the next downstream piRNA measures piRNA phasing (Fig. 1B) . The most common 3′-to-5′ distance was 1 nt: A single cleavage event appears to produce the 3′ end of one piRNA and the 5′ end of the adjacent, downstream piRNA more often than expected by chance (Z 1 for w 1 = 6.5). Production of phased piRNAs required Zuc but not ping-pong: The 1-nt peak was more prominent in aub HN2/QC42
; ago3 t2/t3 ovaries (Z 1 = 22) than in w 1 , but was undetectable in zuc HM27/Df (Z 1 = 1.5). piRNA phasing differed among the three Drosophila PIWI proteins (Fig. 1B) . By 3′-to-5′ distance, Piwi-bound piRNAs displayed the most significant phasing (Z 1 = 21); Aub-bound piRNAs displayed reduced, but still significant, phasing (Z 1 = 4.0); Ago3-bound piRNAs were not phased (Z 1 = −1.3). Thus, Piwi-and Aub-, but not Ago3-bound, primary piRNAs are produced by a processive mechanism that requires Zuc.
piRNAs associated with Piwi and Aub, but not Ago3, typically begin with uridine (6) . Phased piRNAs beginning with U could be produced by a processive nuclease complex measuring out 26 nt, then cleaving at the nearest U. Alternatively, they could be made by the same nuclease measuring out~26 nt, but cleaving at all nucleotides with similar efficiency; subsequent binding of Piwi and Aub would select for piRNAs starting with U. The first model predicts that the nucleotide immediately following the 3′ end of a piRNA-in genomic sequence but not mature piRNAs-is more likely to be U than expected by chance. The second model predicts that when one piRNA follows another in phase, the second piRNA is more likely to begin with U because of the preference of Aub and Piwi; the genomic nucleotide following a piRNA would not have any sequence bias, because selection for a 5′ U follows piRNA precursor cleavage. To distinguish between the models, we measured the composition of the nucleotide after the 3′ ends of piRNAs ("+1U percentage"). This nucleotide was typically uridine in both w 1 and aub HN2/QC42
; ago3 t2/t3 , but not in zuc HM27/Df ( fig. S2D ), indicating that phased piRNAs are likely produced by direct cleavage 5′ to U, before pre-piRNAs are loaded into PIWI proteins. Because purified Zuc shows no nucleotide preference (4, 5) , we propose that other factors direct Zuc to cleave before U.
We analyzed piRNAs derived from 42AB for 21 different mutant or germline RNAi strains. Phasing was detected in all strains except those with an impaired primary piRNA pathway (Fig.  1C) (2, 8-13 ). Compared to wild-type, phasing was more readily detected in mutants defective in ping-pong, likely because loss of secondary piRNAs reduced background signal. We also detected Zuc-dependent phasing for somatic piRNAs, which are always primary ( fig. S2E) . We conclude that phasing is an inherent feature of primary, but not secondary, piRNA production.
